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FOREWORD _

' This document is submitted to the National Aeronautics and Space
Administration, Johnson Space Center by Martin Marietta Corporation
Denver Division, as part of the final report for Contract NAS9Y--
12182, Acquisition/Expulsion System for Earth Orbital Propulsion
Sustem Study. The final report consists of five volumes as follows:

e e -t

Volume 1 ~ Summary Report;

Volome IT - Cryogenic Design;

R ™ o

Volume III - Cryogenic Test;
Volume IV - Flight Test Article;
Volume V -~ Earth Storable Design.

e ereae e .

This work was administered under the technical direction of Mr.
Larry Rhodes, NASA-JSC Technical Monitor. Mr. Howard L. Paynter,
Chier of the Thermodynamics and Fluid Mechanics Section, Propul-
sion Department, was the Martin Marietta Program Manager.

The following Martin Marietta personnel made significant contri-
butfon to the Phase A Cryogenic Test effort:

AP - s Yt . e e

A, J. Viliars, Jr., S. P. White,
P. E. Uney, W. L. Karlin, T. R,
Stumpf Bench Model Analysis and Test

E. R. Wilson, D. E. Gilmore,
T. R. Barksdale Bench Model Design and Test

J. S. Marino, A. T. Pecarich,
bD. J. Brown, J. E. Littlefield Subscale LH, DSL Model Design
and Test
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SUMMARY e,

A ground test program was conducted to verify several of the de-
sign methods and techniques that were used in designing cryogenic
acquisition/expulsion systems. The ground test program utilized
bench models and subscale models to successfully verify the DSL
designs presented in Chapters III, IV, and V of Volume [1.

A total of 15 bench models were tested in both the low-g environ-
ment, provided by the KC-135 aircraft, and under plus and minus
l-g enviromments, using Martin Marietta's engineering laboratories.
Both cryogens and ambient fluids were used during tests. Some of
th:: ambient fluids used were methanol, Freon, and pentane. The
cryogen test fluids were LN,, LO,, and LH,.

The testing of a 63.5-cm (25-in.) diameter DSL subscale model was
particularly significant. Under these tests, the operational
characteristics of the DSL concept were verified using LH, and LN,.
Demonstration of the gas-free liquid expulsion characteristics was
accomplished by expelling Li, under ~1 g using both GH, and GHe
pressurization. Loading of the acquisition/expulsion device was
successfully accomplished using LH, and LN,. The liquid-free vapor
venting performance of the model was limited because of the ther-~
mal stratification under the -1 g test conditions,

The cryogenic systems phase of the contract benefitted from two
Martin Marietta IR&D programs. Under one program a large screen
liner, 178~cm (70-in.) dia was successfully designed and fabri-
ceted. Inspection techniques were developed and verified through
ground testing. A second IR&D program demonstrated that a cryo-
genic DSL feedline can be fabricated using existing methods. The
performance characteristics of this 5-m (16-ft) long test model
are being evaluated using LN, as the test fluid. Both of these
IR&D programs are being continued during 1973.
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Cne of the primary objectives of the cryogenic system phase of

“he program was to verify the cryogenic system designs with sub-
scale ground tests. Test results from previous progrzms (Ref I-1
thru I-4) had verified the capillary propellant acquisition/ex-
pulsion designs; however, the test fluids had been limited to non-
cryogens. For cryogenic systems, high-temperature and low-temp-
erature effects are significant design considerations. Therefore,
the approach that was adapted for the Phase A effort included a
strong emphasis on testing with cryogens. This volume presents
the experimental program conducted to verify the passive acqnri-
sition/expulsion designs for subcritical cryogenic storage during
low-g.

The program followed the schedule illustrated in Fig. I-1. Dur-
ing the 18 months of testing, data were acquired that supported
the selection and verification of the cryogenic designs presented
in Volume II. The information collected during the ground tests
discussed in Chapter II was categorized into three areas that
influence th ' acquisition/expulsion system design: (1) fluid
mechanics; (2) heat transfer and thermodynamics; and (3) structures.
Most of these tests were designed to provide data with regard to
the specific performance and design features of the passive cryo~-
genic capillary systems. In addition to the normal 1-g conditionm,
test environments included low-g, which was provided by a KC-135
aircraft flying the Keplerian trajectory. A total of 15 tests

was conducted using different models and noncryogenic test liquids.

The successful modeling of the i.dividual performance character-
istics and design features, as investigated and verified under

the ground tests, does not completely guarantee operational suc-
cess of the DSL system. Thercfore, comprehensive testing of the
passive design itself was considered to be an important part of
the experimental program. A vepresentative subscale model of the
DSL tank designs, as presented in Volume II, was successfully de-
signed, fabricated, and tested. The program included simulation
of certain nerformaace characteristics, fuch as: tank filling;
-1g gag-free liquid expulsion; pressurization; and -lg vapor vent-
ing, using liquid hydrogen as the test liquid. In addition, boil-
off tests were conducted using LN, and LH, as the test liquid.
Details on the design, fabrication, and ‘esting of the subscale
model are presented in Chapter III.
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Two Martin Marietta-funded (IRAD) programs were conducted concur-
rently with Task iIl and complimented the co..tractua’ test pro-

gram. These two programs are part of our continuou research and
development in capillury system technoleogy and low-g fluid behav-

ior and passive management. Under one program, entitled Jupic. ary

Sercer, Fabyioat w. Techro !l py, fabrication and manufacturing me+h-
ods are being impr.ved for iine-mesh screen devices. During 1972,
different screen forming and joining methods were compared. Tune
preferred techniques were used for the 178-cm (70-in.) dia DSL
screen tank designed and fabricated under the IRAL task. This

DSL system is neacly identical to the dedicated OMS (LO.) design
shown in Chapter IV of Volume II. Details of this IRAD prog-am
are presented in Chapter 1V of this volume.

Under a second IRAD program, Low-g “iuta Zgnalior und Contrcl,
application of the DJL concept for use in cryogenic feedlines is
under investigation. A 3.66-m (12-ft) long feedline containing

a single screen liner was designed and fabricated during 1972.

A test program was initizted in early 1973 to demonstrate the
capability of the passive liner to: (1) maintain a gas-free liqg-
uid core under static conditions; and (2) provide gas-free liquid
under flow conditions. The test liquid is LN.. The design, fab-
ricaticn, and preliminary testing of this DSL model are presented
ir Chapter V.

Conclusions and recommendations based on results of the experimen-
tal verification program phase are presented separately in Chapter
V1.
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CROUND TEST PROGRAM
The ground test program objective was to generate the experimental
data needed to support the design of the selected cryogenic pro-
pellant acquisition/expulsior system. Consequently, t.sts were
directed at providing insight into the basic problems associatei
with surface tension devices. The program was designed to obtain
both qualitative and quantitative data to verify established prin-
ciples and analytical models, and to correlate empirical test data.

The program objectives were accomplished by a number of low-g air-
craft and 1-g bench tests. A total of 14 tests were conducted to
provide information in such areas as screen wicking, screen flow
losses, structural capability, and bubble point variation with
temperature. Both cryogenic and noncryogenic experiments were
conducted to provide empirical and analytical correlations and to
verify existing design techniques for successful design of surface
tension systems.

AIRCRAFT TESTS

Airborne low-g testing was accomplished using the KC-135 aircraft
test bed operated at Wright-Patterson AFB, Ohio. The Keplerian
trajectory flown by the aircraft to provide a low-g test period of
32 sec is shown in Fig. II-1. An average of 15 to 20 trajectories
can be flown during the normal 2 1/2-hr flight. Both tiedown and
free-float tests are possible. Accelerometers are . ied to provide
g-level data and tiedown rings are provided throughout the fuse-
lage to secure the test equipment. For this test program, only
tiedown tests were conducted because tre models were of plexiglas
and were considered too fragile for a free-float environment. Fol-
lowing checkout at Martin Marietta, the test articles were deliv-
ered to NASA-MSC where proper operation was again verified before
installation in the KC-135 aircraft. Low-g tests were supervised
by NASA-MSC personnel.

Low~g fubscale Acquisition/Expulsion Model Outflow Tests

a. Test Objectives - The objective of these tests was to demonstrate
the dual-screen-liner (DSL) passive acquisition/expulsion concept
under low-g conditions. Two subscale models weie flown to quali-
~atively verify gas-free liquid expulsion on demand durire the low-g
aplerian maneuvers of a KC-*35 aircraft. Each test period was
approximately 30 seconds. The plexiglas models, Backup Demonstra-
tion Device (BUDD) and Transparent Expulsion Demonstration Device
(TEDD), are surface tension devices that use fine mesh screens to
stabilize the liquid/gas interface and provide a controlled liquid
region capable of gas-free liquid expulsion on demand. The expul-
sion performance for both models using methanol was recorded and
documented on film. 1I-1
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Conditions: Airplane Weight 135,000 1b;
Entry Altitude 24,000 ft.
w=ee= Flighct Path = 1 g
=we Flight Path > 1 g
ewmewe  Flight Path = 0 g

Mach = 0.47
n=0g

Mach = 0.7«
n=0g
Angle = 50 deg

Mach = 0.74
ne0g
Angle = 50 deg

N

7
~—————— Transition b
’/ / Zones \ Mach < 0.82
l - \/— n=<2.5¢g
—-—“‘" l \\
Mach = 0.87 ~~ |
-~
n=25¢g ~

Fig. II-1 Keplerian Trajectory for KC~135 Aircraft

b. Test Article Description - The test articles were stainless
steel cylindrical DSL devices mounted in a cylindrical plexi-
glass tank with flat ends. The DSL acquisition/expulsion device
consisted of two concentric cylinders made of 325x2300 mesh Dutch
twill screen and support material. The area between these cylin-
ders forms a gas-free liquid annulus from which liquid is expelled.
The inner cylinder forms the bulk region and the gap between the
outer cylinder, and the plexiglass tank forms the vapor annul ‘s,
which is representative of the liquid-free controlled volume
the cryogenic design. The communication screen between the va,or
annulus and bulk liquid region was 250x1370 mesh Dutch twill
screen. This screen allows the bulk region to be pressurized dur-
ing outflow.

The BUDD subscale model is pictured in Fig. II-2 and II-3. The
stainless steel DSL barrel section is shown enclosed in the plexi-
glass cylinder. The screen liner subassembly is sealed at the

end plates with aerospace sealant to assure that the system is
free of intercompartmental leakage. The view in Fig. II-2 is from
the bottom of the model and shows the radial channels (at the top
of the model) that lead from the liquid annulus to the liquid
drain port. It also shows the steel sheeting used co support the
325x2300 mesh Dutch twill metal cloth that forms the liquid annu-
lus. The 250x1370 mesh communication screen is shown in Fig. II-3.
Three distinct controlled regions--vapor annulus, liquid annulus,
and central bulk regilon--are visible in both photographs.
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Details of the BUDD model are shown in Fig. II-4. Various ports in
the different regions of the tank are shown, in addition to the
liquid drain port. Four additional ports are shown, two in the va-
por annulus, one in the liquid annulus, and one in the bulk region.
These ports allow the model to be filled and drained and the pres-
sure to be monitored, as well as pressurization and outflow flexi-
bility. The BUDD model was ground-tested in the -1 g configuration
before the low-g aircraft tests. Liquid expulsions were gas-free.

The TEDD model was a refined version of the BUDD acquisition/expul-
sion device. Components of the TEDD are shown in Fig. II-5 through
II~7. Figures II-5 and II-6 show the stainless gteel screen liner
at various stages of fabrication. Figure II-5 shows the cylinders
of perforated plate attached to the stainless steel end rings and
the 250x1370 Dutch twill communication screen. The completed assem-—
bly covered with 325x2300 Dutch twill screen is shown in Fig. II-6.
The plexiglass cylinder and end sections are shown in Fig. II-7.
Figure II-8 is a detailed drawing of the TEDD.

Sealing the end plates of the screen device was accomplished by two
O-rings (inner and outer) instead of by the sealant used for the
BUDD model. This allows easy disassembly and replacement of the
plexiglass tank, which tends to craze after being exposed to meth-
anol. "Minus l-g expulsion tests on the TEDD mcdel were success-
fully completed, using methanol, before delivery to NASA-MSC for
the low-g testing.

c. Test Apparatus and Procedure ~ The test configuration and pro-
cedure were basically the same for testing of both models. The ex-
pulsion liquid was methanol and the pressurant gas was GN;. The
model was positioned in the support test fixture with the accompa-
nying “.strumentation that included an accelerometer for recording
g-level and a pressure gage for monitoring system pressure. Pres-
surization gas was introduced in the outer annulus and liquid meth-
anol was expelled through the outflow line positioned at the top of
the model.

Generally, expulsion was initiated at the beginning of each low-g
period following the pull-up acceleration of 2.5 g. Expulsions

were dem~rstrated both with liquid in the vapor annulus and with the
vapor annulus depleted. Outflow was monitored for gas-free liquid
exp'l: fon and documented on 16~mm color film.

d. Results - Despite some bulk liquid sloshing, gas-free liquid out-
flows were observed with only minor exceptions. During BUDD model
testing, some bubbles were observed for a brief period during flow
initiation. This gas ingestion occurred because of several screen
pore enlarzements created during fabrication and assembly of the
model. [hese enlargements did not provide interface stability dur-
ing high-g loading, but caused some gas ingestion during these per-
i-ds. During low-g, the pores were stable.

II-4
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With the TEDD model, methanol expulsions were completely gas-free
during all of the g-levels encountered. Figure II-9 shows the TEDD
during a period of low-g outflow. Low-g conditions are shown by the
liquid/vapor interface in the outer annulus of the model. Gas-free
liquid expulsion was verified by the absence of vapor in the drain
port and line located at the top center of the device. This was re-
presentative of the system's performance throughout low-g testing.
It should be pointed out that although the enviromment in the pic-
ture is very close to zero-g, the nominal acceleration level during
the entire series of tests was on the order of +0.1 g. This tended
to settle the liquid in the bottom of the model during the majority
of low-g expulsions.

» .
L\_—-.is
\

L 3‘- — .

.%
C
Jé;,, |
th I7-9 Low-g Eacpulswn af TEDD Model during
KC-135 Flight

e. Conelusions - Although the g-level for this test series aver-
aged approximately +0.1 g, periods of very low g-level (~0) were
noted during several expulsion tests (see Fig. 1I-9) with no detri-
mental eifects on system operation. These test results indicate
that low-g environments do not adversely affect the expulsion capa-
bility of the DSL acquisition/expulsion device.
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Buoble Collapse Tests

a. Test Objectives - A detailed . scussion of the mechanics and
aralysis of collapsing bubbles - : . in a controlled liquid volume
was presented In Vol II, ‘har ., B. The analytical predictions
were primarily based on empi: ' .. correlations obtained from exper-
imzntal work by Hewitt and 7..° (Ref 1I-1) and TFlorschuetz and
Zhars {Ref IT-2). The d.f7v- .+:, with these tests was that most of

the davs were ob<ained " -,, environment, resulting in bubbles of
relatis=1; .mall J.am n the low-g test data available, test
times werz so sho~t L! i, .2 initial bubble motion was never com-
pletely arresced pric: ro initiation of bubble collapse.

In order to substantiir2 the analytical predictions made during this
program, bubble -ollapse data for longer test periods at low-g that
would produce larger pubbles were needed. The objective of these
tests was to provide those data by a series of tests aboard the
KC~-135 aircraft.

b. Test Apparatus and Procedure - Two series of tests were origi-
nally planned using Freon-ll and LN,. However, the LN; test appara-
tus was not compatible with KC-135 safety regulations and, conse-
quently, LN, testing was not performed.

A schematic of the Freon-1l test apparatus is shown in Fig. II-10.
The instrumentation consisted of a movie camera, pressure gage, and
stop watch in the camera field of view. The bubble generator was a
small resistor mounted on a swinging arm, connected to a variable
power supply. A similar heater was used to control the vapor pres-
sure in the Freon-1l reservoir. The fill reservoir served the dual
function of providing liquid to the test vessel and supplying pres-
surant for collapsing bubbles during test. The vapor pressure in
the reservoir was, therefore, maintained at 1.4 to 6.9 N/cm? (2 to
10 psi) above that in the test vessel.

figures I1I-11(a) and II-11(b) are photographs of the test article.
These pictures show the clear glass barrel and front plate sections,
the 5-W, 50-Q resistor, and the pressurization and fill lines. Note
the swing arm mechanism for removing the bubble generator from the
area of bubble formation when a bubble of suitable size was formed.
Figure II-11(b) shows the cemera view during 16-mm film exposure.
The entire experimental apparatus is shown in Fig. IT-12.
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Prior to testing, the liquid in botnh o ontat s wes Dodled uning

electric heaters and vented cverboare to et b aandve b o
condensible gas. Prior to ca b test (with fant - penng vl o=
closed), the heaters and vent val-co wore yisante o tne devired
LP between the rescrvolr and sent v, S hrant dn the et
was topped off at this time.  vra aliage aa sont cory gl to mfine
imize liguid motion durfng the troacitton mancuserc. Atter ! e near
zero~g period started, the bubble pencr o, oo h masn posatyomes

near the ceuter of the Lent vinseiy wir didlowed Yo cont pnue Seal 1,y

until a bubble of suitable sice was tor-od, lTie powet was Loen
switched off and the movablle arm +van totaid to remove the resistor
from the vicinity of the bubble. Atter suttiiient ime passed to
allow any disturbance resulting from this action 2o d{ssipate, the
fast-opening valve was opened, pressurizing the test vessel to ap-
proximately the level of the reservoir and {nftiatiag bubble col-
lapse. A stop watch recorded the time required to collapse the bub-
ble. The entire test was documented on 1ilm.

2. Hésu.zs - Figure L1-13 shows the bubble cullapse (est apparatus
during KC-135 tests with Freon-1l. Also shown {s the pressure gage
indicating initial pressure and P (NPSH). Note the bubble being
formed at the heating element, while other butbles formed earlier
rise in the low~g environment. Two lights indicate pressurization
and time from pressurizaticn by an on/off oscillation every (6.2 sec.
Bubbles are distorted from a spherical shape because of the higher-
g environments than expected (average acceleration during low-g por-
tions of the test was aprroximatelvy +0.1 g) an~ the resulting con-
vective and buoyant effects.

i e,
Fig. II-1%3 Sample Bubbie Collapse Test Results
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Several problems plagued the tests, making correlation of the data
difficult. 1In addition to the problems mentioned previously, high
acceleration levels caused the bubbles to disappear before complete
collapse. Due to improper liquid level, pressurization during some
tests severely disturbed and engulfed the collapsing bubbles, making
accurate determination of collapse times impossible. Also exact
pressure level and AP determination were difficult due to visual ob-
struction of the pressure gage at the higher pressure readings.
However, several tests provided reliable data for analysis.

Figure 1I-14 shows test data plotted with theoretical collapse times
predicted by the following equation,

Yy =1- 2¢ ﬂ (11-1)

where y = r/ro, nondimensional radius;

T, = é-Ja2 at nondimensional time;
H . !
0

pﬁCPi AT
Ja (Jacob Number) =

Py A
a = thermal diffusivity of liquid
t = time
r = bubble radius

r, = bubble radius at time t = 0

AT = Tsat = Ty

A = latent heat of evaporaticn

e=14+ pv/pz (2Ja - 1)
o, = vapor density

P, = liquid density

I1-17
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Bubble collapse times were calculated as a function of initial
bubble diameter for pressure differentials of 2.06 N/em? (3 psia)
and 5.16 N/cm“ (7.5 psia). Two sets of curves are shown for (1)
initially saturated liquid at 299.8°K (80°F) and (2) liquid sub-
ccoled at 294°K (70°F). The latter value was selected because it
corresponded to ambient temperature in the KC-135 aircraft. Ex-
act liquid temperature was not recorded, but was between the ini-
tial saturated condition and the 294°K (70°F) temperature. The
analytical curves shown should, therefore, bracket liquid tempera-
tures experienced during testing.

The experimental data show good agreement with analytical results.
Test results for the two AP values are generally bounded by corre-
sponding theoretical values indicating that liquid temperature did
vary between the stated limits. Although the test data correlated
with the collapse times predicted by Eq {II-1], additional data is
needed, with a larger range of buvule diameters, to substantiate
the analytical model.

Experimental collapse times range from ( 32 to 0.94 sec for an ini-
tial bubble diameter of 0.94 cm (0.37 iu.) and NPSH of 5.16 N/cm?
(7.5 psia) depending on initial Freon-11l temperature. Collapse
times for a AP of 2.06 N/cm? (3 psia) do not vary significantly
from larger AP times due to smaller initial bubble diameter.

d. Conclusions - Limited test results using Freon-11 liquid verify
analytical predictions for the bubble diameters and NPSH values
considered. However, additional data are required for a wider
range of bubble diameters for substantial expevimental-analytical
correlatiun.

Capillary Pumping Test

a. Test Objectives - In a cryogenic propellant/acquisition system,
continuous evaporation at the screen surface due to tank heat leak
tends to dry out the screen device. During periods of pressuriza-
tion and venting, elevated evaporation rates may cause some portion
of the screen retention device to dry out completely. For success-
ful system operation, dryou: must be minimized or, preferably, pre-
verted altogether. For screen bariers rnot in contact with liquid,
this requires resupply of liquid by screen wicking, or some other
meanrs, at a rate sufficient to rewet the screen in a reasonably
short period of time. Previous work that evaluated wicking through
Dutch-twill screen and parallel plates, concluded that some sort of
channel would be required to provide sufficient liquid to these
areas. Performance data are needed to establish the optimum geom-
etry and spacing of the wicking channels.

11-19
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A preliminary evaluation of wicking channels was made in Ref T1-2.
Selected channel geometries, including square, circular, triangular,
opan-finger (equilateral triangle), semicircular, rectangular, and
annular were optimized and compared on the basis of estimated wick-
ing capacity for the same system weight. Results indicated that the
semicircular and open-finger configurations would deliver the great-
est flows for a given wicking system weight.

Because the open-finger channel geometry is the least likely to trap
vapor or gas bubbles and, thereby, inhibit uniform wetting of the
liquid retention barrier, it appeared to be the preferred design.
The tests discussed here¢ were proposed to obtain comparative data on
the wicking of methanol through the selected channel geometries in

a zero-g envircnment. Data consisted of film documentation during
the zaro-g portion of the KC-135 Keplerian traject ries.

b. Test Apparatus and Proccdure - The five test channels (shown in
Fig. II-15) are attached to the top of the test article along with
two scales for measuring wicking distance. The test channels were

- constructed of plexiglass, as was the methanol container. The chan-

nels were 45.7-cm (18-in.) long with approximately equal wicking
areas. This area corresponds t- the geometric cross sectional area
of the channel, with the exce, .on of the open-finger design. The
circular channel was slightly smaller because that was the size of
plexiglass tubing available. The channels were designed to wick
their entire length within a 20-sec period in a 0.02-g environment.

Figure 1I1-16 shows the test articles mounted in the plexiglass con-
tainer. The holes visible at the top of each channel were for purg-
ing gas from the channels as the liquid wicked up. The scales for
measuring the wicking distance are also shown. Notice also the
slosh baffle, made of perforated plate, mounted just above the en-
trance to the channels.

The test procedure for the KC-135 tiedown tests was straightforward.
With the test article filled with methanol to a level just above the
slosh baffle, the relative rise of methanol in each channel was
noted during periods of low-g. The tests were documented on 16-mm
color film.

I1I-20
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Fig. II-16 Capillary Pumping Test Apparatue
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e¢. Hesults - The channels were designed (o wick in a 0.02-g envi-
ronment. However, the test acceleration environment was generally
much higher; on the order of +C.1 g. Consequently, wicking dis-
tances vere much less than expected, and the basis for comparison of
the test channels was greatly diminished. This is evident from the
film analysis. As a result of these high g-levels and the tran-
sients associated with the Keplerian maneuvers, the single slosh
h3ffle installed was inadequate and significant liquid slosh oc-
curred. The slosh effects during the majority of the tests pre-
cluded any comparison of relative wicking heights. Even in the few
tests where differences in wicking height could be discerned, slosh
effects were still present. .

Figure 1I-17(a) shows representative results of the capillary pump-
ing tests. Note the severe distortion of the liquid surface, caused
by slosh, which tended to force liquid into selected channels. Fig-
ure 1I-17(b) shows significantliy less slosh, although it was still
observable during film analysis. The different wicking heights are
obvious in this photograph. Test results are listed in Table II-1,

Table II-1 Selected Capillary Pumping Test Results

Triangle Open-Finger Circle Square SemiCircle

1 2 3 - -

2 1 2 - -

2 1 1 1 3

2 1 1 1 _ 3

Note: The highest liquid rise for each of the four tests shown
is signified by a 1, with decreasing height signified by
2 and 3.

Although a definite pattern 1s not established, the open-finger
channel appears to wick higher than the other specimens tested.
However, the inconsistent data denote that slosh is still signifi-
cant and an attempt to draw any conclusions would be highly specu-

lative.

d. Conclusions - Test results were inconclusive and further testing
is required for positive identification of the best wicking geome-
try. Significant test results were hampered by problems encountered
during testing. Higher acceleration environments were encountered
than the tests were originally designed for. Resulting slosh ef-
fects made determination of relative wicking distances extremely
difficult. However, based on the limited test results obtained, the
open—-finger channel design appeared to wick higher than the other

specimens tested.
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Fig, II-17 Capiilary Punping Test Resyits
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B. BENCH TESTS
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The bench test program consisted of 2 series of cryogenic and non-

cryogenic tests conducted at Martin Marietta, Denver division test

facilities. A total of 1l tests were run to support the passive
acquisition/expulsion device design. y

1. Bubble Point Verification of Multiple Screen Layers

i a. Test {bjectives - Certain capillary system designs may require

a higher pressure retention capability than is presently available

with a single layer of fine mesh screen. Although other materials k
are available with higher pressure retention capabilities, the ad- :
vantages of fine mesh screen in areas such as ease of fabrication

and weight make it a desirable choice in the construction of a cap-

illary acquisition/expulsion device. To meet increased pressure re- -
tention capability requirements, additional screen layers must be

considered. The lack of test data to verify the bubble point capa-

i bilities of multilayered screen configurations was the justification

: for this bench test.

R O PO

; The objective of this test series was to establish the bubble point

i capability of multiple screen layers in methanol and liquid nitro-

: gen. Several different screens were tested to verify or establish

{ the conditions under which the pressure retention capability of

i double and triple layers of screen can be considered additive. This

E involved testing multiple layers with zero spacing as well as sepa-

rated by coarse mesh screen, perforated plate, and with gaps pro-

vided by 0.32-cm (1/8-in.) Teflon washers. Only the finest mesh

Dutch twill stainless steel screens were of interest. These in-

cluded 200x1400, 250x1370, and 325x2300 mesh screens. -

b. Test Apparatus and Proced.re -~ The basic test article consisted
of a cylindrical stainless steel reservoir with a removable cap that
allowed the test specimen to be changed. A schematic of the test
apparatus is shown in Fig. 1I-18. Two stainless steel lines enter
the pressurization chamber--the inlet or pressurization line and the
vent line for chamber pressure sensing and relief. The test article
is attached to a coverplate and mounted inside a glass dewar, which
is sealed at the top by a silicone rubber gasket. Two additional
lines are attached to the coverplate for filling the dewar with test
fluid and venting the dewar to prevent pressure buildup. A linear
scale is shown for measuring the height of liquid above the screen
surface. This height was generally small, but, nevertheless, was
compensated for in the determination of actual screen differential
pressures.
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Instrumentation included a 0 to 152.4-cm (0 to 60-in.) water mano-
meter fc - measuring the pressure differential across the screen. A
pressure gage was also available for monitoring dewar pressure dur-
ing liquid nitrogen testing. Liquid temperature was determined by
a temperature sensor located just below the surface of the test
fluid.

Figure TI-19 shows the test configuration for methanol tests. The
test article and coverplate are shown r wunted in the glass dewar
with the pressurization and vent lines clearly visible. The water
manometer can be seen in the background with pressurization and
pressure-sensing flex lires also shown. Dewar fill and vent lines
protrude through the coverplate, but have little {unctional value
for ambient tests. Of the four valves visible, only three were used
for pressurization, ventiug, and differential pressure sensing.

The basic test procedure was the same for both wethanol and LM,
tests. With the screen mounted in the test article the dewar was
filled with test liquid to a level that provided a thin layer of
fluid over the screen sample. Some gas flow through the pressurant
line was desirable so no liquid would fall into the pressurization
region. The dewar vent line was fully open during all tests so the
dewar held an essertially ambient pressure, Liquid temperature and
depth (above the screen surface) were recorded. At this time. gas
was slowly added through the pressurization line, increasiung the
pressure under the screen. At the moment of first bubble break-
through the manometer reading was recorded as the specimen bubble
polnt. The reservoir was then vented, decreasing fthe pressure dif-
ferential to approximately 2.54 cm (1 in.) water gage obove that re-
quired to support the liguid head over the screen. This ensured
complete rewetting of the screen pores for subsequenk tests. Gener-
ally, three data points were taken for each test configuration.

Three different screen specimens were tested in the single, double,
and triple screen configurations. Geometry considerations were
taken into account by investigating the effect or spacing between
the screen layers. The test matrix (Table 1I-2) summarizes the dif-
ferent tests that were vun using both helium and nitrogen pressur-
ant. Multiple screens were tested with zerov spacing distance as
well as 0.32-cm (1/8-in.) and 0.64-cm (1/4-in.) gaps between the
screens. This was achieved by inserting uppropriately sized Teflon
washers. The effect of coarse mesh screen and perforated plate as
spacers was also investigated for 200x1400 mesh Dutch twill screen,
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Bubble Point Test Article
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2001400 2501370 325x230v
Liquid Spacing 1 -h"_hB 1 2 | 1_1
Methanol ' O X X X X X X
Methanol { 0.32 cm 1/8 in.) X X X X
Methanol | U 64 cm (1/4 in.) | ; X \ X X1 X
Methanol | 100x100 screen X é
Methanol | Perforated Plate X %
LY. 0 X ‘i X X
LN- 0.32 cw (1/8 in.) X | X X |ox x| x
LN» l0.61'- cm (1/4 ia.) ¥l X X | X X | X

2. Resuliec - Lavering test results are summarized in Fig. II-2J and

1I-21 for nethanol and LN- respectively. The nondimensioraiized

bubble point is defined as P s//:Pss’ where ms is multiple screeu
m

and ss is single screen. This parameter is plotted for two and
three layers of screen for the various geometries considered. The
data show that spacing must be provided between screens before any
improvement in bubble point can be expected. 1In no case did a zero
spacing configuration improve the bubble point over that of a singl.
screen. Screens witn spacing provided an approximate additive pres-
sure retention capability for two and three layered configurations.
Inconsistencies in the data are attributed to the difficulty in
maintaining the lower screens in a wetted condition. This is espe-
cially true of LN; data, which was generally erratic compared to
methanol results.

Generally, the smaller gap, 0.32 cm, was slightly more reliable than
the 0.64-cm spacing for y.elding an additive effect. The larger gap
appecred more likely to dry out prematurely. Although the horizon-
tal test configuration assured wetting of the upper screen, the gas
pressurant tended to hold all the liquid above the top screen while
the lower screens remaincd drv. Because the pressure rctention ca-
pability of dry screen is nearly zero, the effective bubble point

in this situation is only that of the upper screen. Therefore,
special care was required to assure that all screens were weitad
before pressurizing.
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Double screen samples separated by coarse screen (100x100 mesh
square weave stainless steel screen, which exhibits a bubble point
in methanol of approximately 5.08 cm (2 in.) water gage) and perfo-
rated plate exhibited abouat 1.75 times the bubble point of a single
screen. It is interesting to note that it was appreciably more
difficult to ensure wetting of the lower screen in the pair sena-
rated by perforated plate. Maintaining screens not adjacent to the
liquid in a wetted condition'was the main problem encountered in
these tests.

d. C(onelustiors - Layered screens with separation appear to provide
additive bubble points, as long as the separation thickness is much
greater than the radius of a screen pore. This spacing may be ef-
fected by perforated plate, coarse mesh screen, or other liphtweight
porous material of sufficient thickness.

The tests indicate that double and triple layered systems behave
similarly. The problem with multilayered screen systems appears to
be in maintaining those screens out of direct contact with liquid
and in a wetted condition. This requires masntaining a wetting
source through screen wicking or capillary pumping to ensure proper
operation in an actual system.

Bubble Point Temperature Dependency Tests

a. Test Objectives - Successful design of surface tension devices
requires accurate knowledge of temperature effects on screen pres-
sure retention capabilities. Theoretically,* the bubble point of a
given screen specimen znd liquid vapor interface geometry depends
only on the surface tension of the wetting fluid. Hence, the bubble
point of a given configuration at different environmental conditions
may be related by the following formula:

BP,; = BP; x aga/foy [11-2]

where BP = bubble peoint of screen,
s = liquid surface tension.

Subscripts 1 and 2 may refer to different states of a given fluid
or two different liquids. Because surface tension is temperature
dependent, the bubble point for a given liquid (with constant 1i~
quid vapor interface geometry and for a giver screen specimen) is
also temperature dependent.

* Also verified experimentally.
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although Eq [II-2] was generally accepted, it had not been proven
experimentally. This test was initiated to experimentally verify
the equation for the cryogens, LN, and LU;, for temperature ranges
corresponding to pressures from ambient, 8.13 N/cm- (11.8 psig), to
28.8 N/cm? (41.8 psig). Only the finest mesh stainless steel Dutch
twill screens were considered. These included 325x2300, 250x1320Q,
and 200x1400 mesh specimens. Pressurization was autogencus with
the exception of a single LO, test, whiFh used helium.

. Test spparat.ae and rocodare - The basic test article was the
same as that used for the screen layering test, previously des-
cribed (Fig. T1-18 and 11-19). Due to the higher pressures in-
volved in this series of tests a glass dewar could not be used.

The cylindrical cryogenic pressure vessel was constructed of stain-
less steel with a 2.54 cm (1 in.) thick plexiglass end plate for
visual detection of the bubble point. The test article mounted in
the cryogenic container is clearly visible through the plexiglass
cover (Fig. T1I-22). The {ine mesh screen specimen and thermocouple
placement are evident as are the pressurization and vent lines,
which run to the underside of the test device.

The complete test apparatus is shown in Fig. II-23 for the LO. test
configuration. Pressure measurement instrumentation included a
pressure gage for observing dewar pressure and a differential pres-
sure transducer for monitor:ng screen AP. Tt should be noted that
the transducer shown here was only used during LO. testing and re-
placed the water manometer used during LN, experiments. The mano-
meter could not be used during LO, tests due to compatibility prob-
lems and safety requirements. Figure 11-23 also shows the liquid
temperature thermocouple and platinum sensor instrumentation leads.
The platinum sensor was installed before LO, testing to verify the
accuracy of the thermocouple measurement.

The micrometer valve was used for regulating pressurant flow from
the K-bottle supply. The two remaining valves were used for vent-
ing purposes--the large valve for the stainless steel pressure ves-
sel and the smaller valve for the test article. The vessel fill
line is shown without the associated plumbing required to attach it
to the supply dewar. Although the cryogenic contalner is shown un-
insulated, several layers of foam insulation, approximately 5.08-cm
(2-in.) thick, were applied before testing to minimize heat leak
and reduce boiloff.

.

I11-32

5

- - e e




—— greee- = -

—

I1-33

. II-22 Bubble Point Test Device for Temperature Dependency Test
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The basic test procedure for both LN: and LO: tests was as fol'ows.
initially, the centainer was filled with test fluid to ;rovide a
thin liquid layer above the screen (0.64 to 1.4 cm), while a small
amount of pressurant flow was maintained so liquid would not fail
through the screen. The dewar vent valve, which had been fully
open, was adjusted to the desired test pressure. I[ntermittent ad-
justment was required to maintain the desired pressure level. At
this point, gas was slowly added through the pressurization line in-
creasing the screen reservoir pressure and, consequently, the iP a-
cross the screen. At the moment of first bubble breakthrough the
pressure differential, liquid temperature, and liquid height were
noted. Then, the pressure below the screen was veated to a point
low enough to ensure rewetting of the screen, but high enough to

: support the liquid above the screen. This procedure was repeated to

$ obtain several data points at the test pressure level and also at

' various pressure levels to obtain bubble point capability at differ-
ent liquid temperatures.

Normal procedure involved running the initial tests at 28.8 N/cm?
(30.0 psig) and the subsequent tests at lower pressure levels until
: ambient pressure was reached. This method minimized the amount of
liquid condensed in the vent (pressure sensing) line because any
liquid present at the highest saturation pressure would tend to va-
porize as the pressure was decreased. Liquid in the vent line was
undesirable because an erroneous AP reading would result.

Tests were performed at four different liquid saturation pressures.
These pressures were 28.8 N/cm? (30 psig), 21.9 N/em? (20 psig),
15.1 N/cm? (10 psig), and 8.13 N/cm? (0 psig). Resulting tempera-
ture ranges were 101.5°K (182.7°R) to 89.6°K (158.6°R) and 87.5°K
(157.5°R) to 75.4°K (136°R) for LO, and LN, respectively. Pressur-
ization was autogenous and pressurant temperatures were very close
to saturation temperature at the screen. Helium pressurization was
used for one test with LO,.

A B A v vt A A ) me -

. e. Results - An empirical correlation of the LN, test results is

| shown in Fig. I1-24. Experimental data are compared to predicted
bubble point values for the temperature range tested. The expected
range of bubble point values, represented by the solid lines, are
based on Martin Marietta methanol bubble point data from Reference
II-2. These data have been adjusted according to Eq [II~2] and a-
vailable liquid nitrogen surface tension data. Experimental re-

: sults are shown at four different temperatures for each of the

; threc screens tested. Liquid temperatures are the measured values
recorded during the tests by the thermocouple just above the screen.
Some disparity in data at the same temperature may be noticed for

X two of the screen specimuens. We believe this was caused by errors
in the temperature reading, tes. pressure fluctuation, and diffi-
culty in bubble point determination due to the nonquiescent liquid
surface.

e
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The trend of the experimental data agrees favorably with the pre-
dicted bubble points. Expecially good correlation is shown for
325x2300 and 250x1370 mesh screen. Bubble point data for 200x1400
mesh screen appears somewhat lower and more erratic than predicted.
However, good agreement is noted with data based on the screen lay-
ering tests previously discussed. The dashed curve represents pre-
dicted 200x1400 mesh bubble point values based on ambient methanol
data obtained during the layering tests. This curve also indicates
a lower trend in pressure retention capability than that shown by
data—from Reference II-5.

Communication screen test results (to be discussed later) support
the results discussed above. Agreement with predicted values is
noted for 325x2300 and 250x1370 mesh screens. Howevar, once again,
lower and somewhat more variable results are noted for 200x1400 mesh
screen than were predicted. This may imply that 200x1400 mesh
screen is generally less consistent than the finer meshes.

Correlaticon of liquid oxygen test results were less successful.
These data are plotted in Fig. II-25. Predicted data were calcu-
lated, as described for LN;, from available data for liquid oxygen
surface tension. Although the data are somewhat more erratic than
the LN; results, definite trends were established for all three
screen meshes. This trend agrees with the predicted data, although
a higher pressure retention capability than predicted is indicated
for all screens. From a design standpoint, the data based cn Ref-
erence II-5 would be conservative. The 28.8-N/cm? (30 psig) at
101.5°K (182.7°R) point does uot support this trend, but shows a
lower pressure retention capability than that predicted for all the
screens tested. However, test data indicated liquid in the test
article vent line during tests at this pressure, thereby causing the
pressure transducer to record a lower pressure differential than
actually was present across the screen. To eliminate the possibil-
ity of pressurant condensing in the system, a test was rum using
helium pressurant. Results showed no variation from the tests using
autogenous pressurization.

Considering the correlation obtained from LN, test results, the LO,
data were suspect because no logical explanation for the variance
could be found. 1In an attempt to eliminate possible error sources,
a final test series was run with a 200x1400 mesh screen. Special
precautions were taken to assure that liquid was not present in the
system by purging the system with pressurant. Special care was also
used in bubble point determination, dewar pressure control, and tem-
perature correlation. Results are shown in Fig. II-26. A somewhat
lower bubble point value than predicted is indicated by the data,
which compared favorably with LN, results.




Q)
-
17
T—
-
161
40
15
14
t 35
(@}
‘ 2 13 o
. “5 B?‘
| : s
o] (o]
¢ hal
: g
| g 12f °
: 2] 30
i e o
i " 2
1 K] B
. 3 @
¢ o 1l 2
1 2 o)
i m
i a
H 10§
25
9 e
- B 325x2300
; sk B & 250x1370
‘ 20
; ©  200x1400
: - Predicted Range from Listed .
S Methapol Data ° 200x1400
1+ "
| | Note: 1. Dpata indicated liquid in the vent for
30 psig at 182.7°R.
F 2. Pressurant, GO,. ®
6L 15 1 1 i L 1 1 A 1 .
88 90 92 94 96 98 100 102
Liquid Temperature, °K
1 )| A i 1 i
160 165 170 175 180
| Liquid Temperature, °R
. Pig. I1-25 Effect of Temperature cn Pressure Retention Capability in Oxygen

I1-38

LS iy e

VLA




12 p-
30
1} N
¢
; 10 -
¢ 25 b~
' o
Pl F
S -
! R0rE
.:' s |5 F
| g 15
) e A
I
B @ Q
J ~ =
: 2812 0}
" ) 3
} 1 =
- Legend: 8
i T ®  Test Data g
- Predicted
; T s Raqge
i - .
; Note: Pressurant, GO
N wENSTY S
si. C. ] 1 1 1 1 1 1 1
88 90 92 94 96 98 100
Temperature, °K
L | 1 | 1 | |
155 160 165 170 175 180 185

Temperature, °K

ig. II-26 Effect of Temperature on Pressure Retentiow Capability
in Ozygen for a 200x1400 Mesh Screen

11-39



-— -

v e

e RS Ay e save o e

-t

i. U7 Lie - Bubble point correlation on the busis of surface
tension is supported by the tost resulte., Liguid nirengen dara ver-
ified the validity of Eq [LI-2] for predicting bubble point varia-
tion with liquid temperature. Partial correlation of the liquid ox-
vgen results was obtained. The remaining 1O data were gencrally
higher than predicted for all the screens tested.
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Considering the entire series of tests, the validity of the majority
of liquid oxvgen results is suspect. The disparity in the data may
have several causes. These are:

1) variaction in test pressure level;

2) inability to determine liquid temperature accurately;

3) difficulty of bubble point determination due to high boiloft
rates;

4) liquid in vent line due to pressurar. condensation or failure
to maintain the AP required to support lianid h=ed

Communication Screen/Ventinngests

-

2. Test Opect ves - Successful operation of a capillary acquisi-
tion/expulsion system depends on providing a preferential path for
gas flow so that the pressure differential between two adjoining ul-
lage regions can be controlled. This is accomp.iished by incorporat-
ing a wetted screen barrier (communication s.reen) between ullage
regions and by venting the outer annulus. Communication screens are
designed with a lower pressure retention capability than the con-
trolled liquid region so that, during periods of pressurization,
breakdown of the controlled liquid regiun barrier is precluded.

Many systems require venting to prevent pressura buildup. This must
be accomplished within the limits determined by the comaunication
device to maintain proper system operation. Therefore, for proper
system design, data on screen pressure loss and system venting capa-
bility is of vital importance.

The basic objectives of the communication screen/venting tests were:
(1) to determine the pressure loss across a wetted screen barrier as
a function of gas flow-rate and (2) to demounstrate the ability to
prevent screen breakdown (gaseous or liquid breakthrough) by venting
within a AP band. Several! different screens and fluids were consii-
ered, including cryogenic and noncryogenic liquids.
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The flexibility of the test apparatus allowed data to be obtained
for other areas of screen performance that are important in design-
ing screen retention devices. These included pressure drop across
dry screens, r ltiple dry screens, and dry screen and perforated
plate combinations. Also a large amount of bubble point dat~ show-
ing rewetting capability was cobtained for all screen and perforated
plate combinations tested.

5. Tesl Appravaiuc and roccdar

1} dpparaius - A full-scale drawing of the communication screen
test article is shown in Fipg. 11-27. The test article was made of
stainless steel with Teflon washers used ¢o seal each side of the
screen specimen. The 12 coverplate bolts compressively sealed the
screen between the gaskets. The article was enclosed in a glass
dewar (used in the screen layering tests). The complete test appa-
ratus is shown schematically in Fig. 11-28.

Pressurant entered the system through the micrometer valve, V1, and
the flow rate was monitored by three Fi-her and Porter {lowmeters
attached in a parallel configuration. Pressurizing gas entered the
test article through a 0.47-cm (3/16-in.) stainless steel jacketed
line. The test device consisted of an inner chamber in which the
screen specimen was attached. This section was surrounded by an
outer chamber. A p-rforated plate formed the bottom of the inner
chamber to diffuse the pressurant. Chamber pressure was sensed and
vented by the vent line which also assisted in purging the system
to assure it was liquid free. This was accomplished bv means of
the needle valve, V4. The test article was attached to the stain-
less steel cover by the pressurizing and vent tubes. A silicone
rubber gasket sealed the top of the dewar to the covec.plate.

The pressure differential across the screen was measured oy a
£0.69-N/cm” (1 psid) pressure transducer or a 0 to 152.4 cm (0 to
60 in.) water manometer, or both, depending on Lhe test configura~
tion. These instruments sensed the difference between inner cham-
ber vent line pressure and dewar vent line pressure. Other instru-
mentation included a dewar pressure gage and four thermoceuples.
The thermocouvles .easured gas temperature at the flowmeters, just
o beiow the diffuser, and just below the screen. The tourth chermec-
couple measured liquid temperature.

The test apparatas is pictured in Fig. 11-29 and 11-30. Figure [I-
29(a) is a clouseup of the test article in the methanol and LN. test
configurations. An overal! view showing the floumceters and water
manometer is shown in Fig. 11-29(b). Figure 11-20 is a photograph
of the system in the LU test configuration.
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It should be noted that some instrumentation and apparatus differ-
ences existed depending on the test configuration. During initial
methanol tosting ouly the manome s r was nsed for P measurement.
Following the completion of screen-only testing, both the manometer
and pressure transducers were operational for all remaining methanol
and LN- tests. Liquid oxvgen testing used only the pressure trans-
ducer because of safety requirements.

L, Tcer froz2e D — The basic test procedure was similar to that
followed during bubble point temperature-dependency tests. Suffi-
cient pressurant flow was initiated to prevent liquid from falling
through the screen during fill. The dewar was filled with the test
liquid to the desired level [approximately 0.32 cm (1/8 in.) for
methanol and between 0.64 cm (1/4 in.) and 1.28 cm (1/2 in.) for
cryogens above the screen]. T.e dewar was continuously vented to
the atmosphere to prevent overpressurization and to maintain the
test liquid at ambient pressure. At this point, t+ P across the
screen was reduced to a point that ensured proper wetting of the
screen, While monitoring liquid and pressurant temperatures, the
system was slowly pressurized until the bubble point was reached.
For cryogenic test, a continuous record of temperatures and pres-
sure differentials was kept by strip chart recorders. As pressu-
rant flow was increased, the pressure differential and correspond-
ing flow rates were noted until the maximum flow capability of the
flowmeters was reached. After venting the test article to ensure
screen rewetting, this procedure was repeated to demonstrate data
reproducibility. Subsequently, the remaining liquid was removed
from the dewar and the syetem was changed to a new test configura-~
tion.

During cryogenic tests the system was constantly monitored for signs
of liquid in the vent line. Special procedures, similar to those
discussed for bubble point temperature dependency tests, were used
to remedy the situation should this problem arise.

The supplementary bubble point and dry screen data presented were
obtained during methanol communication screen testing. That is,
bubble point data were obtained using methanol and dry screen pres-
sure loss data were obtained immediately following methanol tests by
raising the screen above the liquid level and drying it out with
warm pressurant flow. :

The venting test was a manual demonstration of the ability to vent
within a specified *P band without screen breakdown. LN; was used
as the test fluid with GN- pressurant. The test configuration was
basically the same as for communication screen tests. With the
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pressurization and dewar fill lines closed and valve V3 open, the
test article vent valve, V4, was opened while monitoring the mano-
meter. When the differential pressure dropped to a level just above
that required to support the liquid head, venting was terminated
causing screen AP to increase. Pressure was allowed to build up to
a point just below the screen bubble point before venting was again
initiated. This process was continued for 15 cycles while visually
observing for gzas breakthrough at the screen.

The reaction time of the vent valve, V1, was very slow compared to

i the pressurization rate. Therefore, during testing, V4 was left
open and venting was accomplished by physically blocking and un-
blocking the exit of the vent tube.

The test specimens were all ultrasonically-cleancd stainless steel
; Dutch-twill screens of the following meshes: 200x1400, 250x1370,
; and 325x2300. Also, three different perforated plates were used in
‘ combination with the screens to decermine their effect on pressure
drop through wetted screens. Perforated plate data are shown in
Table II-3.

Table II-3 Charucteristics of Perforated Plate Tesled

o e oy A

‘ Plate Hole
Identifier Fraction Diameter, Hole
Number Open Area % cem (in.) Material Arrangement
1 ol 0.35 Stainless | Staggered, on
J (9/64) Steel 0.47-cm (3/16-in.) -
: Centers
t
; 2 37 0.11 Stainless | Not Staggered
! (0.045) Steel
i 3 30 0.16 Aluminum Staggered on
; (1/16) 0.27-cm (7/64-in.)
! Centers
l

The many combinations tested, including screens, perforated plates,
test liquids, and pressurizing gases are shown in the basic test
matrix of Table II-4.

The induced error in the AP reading caused by the thin liquid layer
above the s~reen has been compensated for in all of the data pre-
sented. Results presented are based on a methanol temperature of
289.7°K (64°F) and saturation conditions for cryogens [Pgar = 8.13
N/cm? (11.8 psig)]. The screen diameter was 3.63 cm (1.43 in.) with
a flow area of 0.001 m? (0.0112 ft2?).
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I CDwnovaiizzzsion Fopes Toeze - Figure 11-31 shows the response of
the wetted screen barrier to increased flow for the three screen
meshes tested. Because the screen is wetted more by gravity than by
wicking, no conclusions may be drawn regarding screen dryout. It is
evident that all screen meshes react in a similar manner. As flow
through the screen is increased, a significant increase in pressure
differential 2bove the bubble point is noticed. At maximum flow
capacity of 0.186 m/sec (0.610 ft/sec), the differential pressure is
21.8% higher than the bubble point for a 325x2300 mesh screen.

Screen and perforated plate combinations were tested to determine
the effect of perforated plate on screen pressure retention capabil-
ity. The plate was located above the screen so that gas flowed
first through the screen and then through the perforated plate.

Data from these tests are also shown in Fig. II-31. Except for one
isolated case [325x2300 screen backed with 0.16-cm (1/16-in.) alumi-
num plate], all perforated plate data show a lower pressure reten-
tion capability than for a screen alone. Because different screen
specimens were used in each test, the data were adjusted to a common
bubble point for the same screen mesh, anticipating that a trend
would be established. The adjusted data are plotted in Fig. II-32.

Although no trends are evident as far as plate characteristics are
concerned, the pressure differential across the screen and perfo-~

rated plate combination is consistently lower than for a screen a-
lone. Maximum reduction of screen pressure differential is about

5.08 cm (2 in.) of water or 8.3%.

This decrease in pressure drop may be attributed to a decrease in
the wetting capability of the screen. Pressurizing the system
forces the screen against thbe perforated plate, resulting in a 49
to 70% reduction in screen/liquid contact area for the perforated
plates tested. This may cause premature breakdown of some of the
pores or prevent the pores covered by the plate from completely re-
wetting.

It should be pointed out that dry screen pressure drop data (pre-
sented later) indicate an increase in pressure loss for screen per-
forated plate combinations as compared to screen alone. This re-
sult was expected because only frictional losses are involved. The
inconsistency in the two sets of data (wet and dry screen) is not
considered significant and may be explained by the different phe-
nomena affecting pressure differential.
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; Fig. II-31 Methanol Screen and Perforated Plate Test Data
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Liquid nitrogen test results support those previously discussed for
methanol. Pressure differentials across screen and plate combina-
tions were lower than those predicted for the screen only configu~
ration. Resulting data are plotted 1in KFig. 11I-33. Test data for
only one screen mesh, 325x2300, were taken without perforated plate.
The remaining screen-only curves were predicted from methanol data
on the basis of surface tension differentials. (See previous test
discussion.) Again, no trends based on perfovated plate properties
are evident from these curves. The data for the combination of 250x
1370 mesh screen and 0.16-cm (1/16-in.) plate are probably low be-
cause of inadequate wetting of the screen before starting the test.
With this in mind, it is possible that the 0.16-cm (1/16-in.) per-
forated plate-screen combinations have higher pressure losses than
other plates tested. This is supported by methanol data, except for
200x1400 mesh screen.

Although the pressurizing gas was ambient at the flowmeters, by the
time it reached the screen it was cooled to saturated conditions.
This was true for the majority of liquid nitrogen tests. However,
due to initial purging of the system to assure that no liquid was
present, several tests showed significant increases in gas tempera-
ture.

~ . .

Tests with liquid oxygen were run using a single 250x1370 mesh
screen because data acouired during methanol and LN, testing was
sufficient to show any trends peculiar to the lavering of screens.

A single screen sample was used for all tests including screen and
perforated plate configurations. Autogenous pressurization was used
throughout mest of the testing done.

Initial LO, test results are plotted in Fig. II-34. Once again,
lower pressure differentials are indicated for screen and plate com-
binations than for screen alone. Also, AP for the 0.16-cm (1/16-
in,) aluminum plate/screen combination is higher then for the other
plates tested. It should be noted that data for the 0.1l-cm (0.045~
in.) stainless steel plate/screen configuration may be low due to
improper wetting of the screen before the test.

I A — ey 1 i o s v e e -

Additional LO; testing was done to explain the somewhat erratic bub~
ble point data obtained during the first test series. Unfortunate-
ly, additional problems were encountered that produced results simi-
lar to those of the bubble point temperature dependency tests. Al-
though an explanation for the erroneous data has not been found, the
problem appears to be system-related and not peculiar to the test
fluid, LC,.
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Legend: ‘
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Fig. II-33 LN, Screen and Perforated Plate Data Adjusted to Common Bubble Point
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Fig. II-34 LO; Communication Screen Test Results
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.. S0 - Venting test results are shown in Fig. 11-35.
Liguid nitroven and gaseous nitrogen wo.e the fluids used. A& 325x
2300 mesh screen with a 0.35-cm (9/€4-in.) stainless steel plate
was the test specimen. It should be noted that valve V1 was closed
and was not a source of pressurizarion. However, analvsis of test
data indicates the pressure difterential across the screen dropped
to zero just before the start of the test  Apparently, this al-
lowed some liquid to drep through the screen. The residual heat in
- the system from the preceding test caused this liquid to vaporize
and pressurize the system. Pressurization rates up te 0.117 N/cm-
(0.17 psi) per second were obtaineg'due to this phenomenon.

)=

The upper and lower dashed lines in Fig. I7-35 represent the screen

bubble point and the pressure differential required to support the

liquid head, respectively. The svstem was successfully vented with-

in this band for 15 cvcles, representing a time of 43 seconds. The

- ease with which this test was run leads to speculation that success-
ful venting with higher pressurization rates and smaller vent bands
could be attained.

S, Elr.e Fzivwt Zatz - As part of the curve determination aud data

comparison procedures, bubble points were determined to be part of
! the regular testing. A comparison of these data with existing cata
is shown in Fig. II-36 for methansl. Bubble points are shown as
circular data points. The dashed lines represenl the data band from
previous Martin Marietta testing {Ref II-3). The comparisca is gen-
erally favorable, although some low points are noted. Earlier bub-
ble point test results suggested that scme of these bands are nigh,
especially for 200x1400 mesh screens.

Other data are presented in Fig. 1I-36 in addition to ordinary bub- -
ble point values. The triangular data pceints are "reseal' bubble

[ points that indicate the rewetting capability of the screen. These
data were taken after flow had been initiated through the screen.
Valve V1 was closed and the AP across the screen was decreascd by
venting V4. As soon as all bubbles disappeared, signifying complete
. rewetting of the screea, the differential pressure as indicated b

r the mancmeter was rocorded. V4 was immediately closed and VI opened
to pressurize the system to see if an acceptable bubble point read-
ing would be indicated. These points are shown by the solid circles.
- For screens only, these data represented acceptable bubble point
values. However, for screen and perfurated plate combinations an
erratic and generally lower value than the bubble point was re-
corded, iudicating that portions of the screen were still not wet.
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The reseal data reflect a hysteresis effect in the pressure reten-
tion capability of werted screens. These values are generaily well
below the established bubble point for the screen and indicate that
once screen breakdown has cccurred, merely decreasing the P across
the screen below the bubble point value will not stop gas flow
through the screen. Pressure dirferential at reseal generally av-
erages only 57% of the screen bubble point. Therefore, in a screen
retention device if breakdown of the screen liner occurs, the (/P
across the screen must be decreased to at least 577% of the bubble
point to assure no further gas ingestion into the liquid region.
For a screen and perforated piate combination, the data indicate
that a reseal 4P equal to 57% of the bubble point will not ensure a

designed pressure retention capability.

i, Jowwersed Sureewns - Data plotted in Fig. II-37 show the results
of the multiple dry screen test. The pressure drop ratio iPpg/iPgg
is plotted as a function of the number of screens and flow velocity.
4Ppg and 4Pgg are the pressure drops for the multilayered screen and
single screen configurations, respectively. Data are shown for two
different flow rates and zero spacing between screen layers. Test
results for three different screens imply that pressure drop across
multiple dry screens is additive. Although some data scatter 1is
noted, assuming an additive pressure drop would be conservative for
tne communication screen design considerations.

The validity of the test data is supported by a comparison with
McDonnell Douglas (Ref II-4) and Armour and Cannon (Ref 1I~5) exper-
imertal results. This correlation is shown in Fig. 1I-38. The non-
dimensionalized parameter AP €~ D/OBpV2 is plotted as a function of
Reynolds Number (Re = pV/pa Dg The solid line is the Armour and
Cannon data correlation, + 0 52, The dashed line repre-
sents MDAC test data. Th° comparlson indicates that MDAC experi-
enced slightly lower pressure losses than were experienced at
Martin Marietta. Data generally fit into a band bounded by Ref 1I-
4 and Ref II-5 test results. At lower Reynolds numbers, a deviation
from this trend is obvious. Data in this region are questionable
due to the low sensitivity of the instrumentation used. Note, how-
ever, that the correlation suggested by Armour and Cannon is suc-
cessful in aligning data points for different mesh screens.
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Note: Pressurizing gas is Awmbient GN,.
No spacing between screen layers.

3.0
¢
. 0
. @
Ay
i <3
; ~
. ma 2.0+
N <]
P
i
: 0.5% ft/sec
§ ° 0.23 ft/sec
]
: : o 325x2300
o 250x1370
§ o 200x1400
|
f 1.0 T e l
: 1.0 200 -
i Number of Screens
Fig. II-37 !ltiple Dry Screen Pressure Drop
! ;
4 f’
f 11-59
; bt
- == - T A IR YR
Snimaiin, s T ——— o el o L o ] . :




L LA b

e T T T DR N PSRy gu <o)

. Screen Characteristics
10% —
Mesh Size Q B, m a, 1/m ID, m N
- 4 —
- 375x2300 1.3 8.6 x 107° 108,666  |1.13 x 107% 0.261
?' & 3252200 11.3 18.9 x 10 * 1102,106 (1.4 x 10 ° '1.297
I : - ! ] _ .
;_ b ol 250x1370 ’1.3 11.37 x 10" :71,438 ;1.7 x 10 ©0.226
- H - |
f 200x1400 1.3 1.52 x 106 - 163,435 I2.12 x 10 - .67
! O
| N Note: Gas is ambient GNj.
! X Ficw Diameter, D = 3.75 cm (1.48 in.)
103L—
\ AN
‘_ \,
o~ H Y
. > =
§ A - A\
. g . AN
S :
o~ 1
w [
o \
< [
X '
\ w '
‘ - "~
) 5
& {
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. 1] .
§ [
] § w0
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¥ M -
| 14 -
. N -
: - Legend:
) X 375x2300
\ fa 325x2300
\ L o 250%1370
|
J : (8] 200x1400
' AN
| 10t I .t 1.4 31 xl 1 1 1 L,LALIALI 1 AN 1 4.
i
; 1073 1072 107

' Reynolds Number, Re = pV/ua2D

Fig. II-38 C(Comparigon of Dry Screen Test Data with Armour and
Cannon and MDAC Correlations
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The effects of perforated plate on pressure luss for flow through
dry screens was also investigated. A test matrix of three screens
and three perforated plates was used (Table II-4). Flow rate was
also varied. The resulting data are plotted in Fig. 11-39. The

pressure drop for a screen and plate is higher than for a screen ‘
alone. MDAC tests indicated (Ref I1-4) that correlation would in- '
volve something more complicated than simply, FA’ the fractional

open area of the perforated plate. These data support that hypoth- :
esis; although a trend to lower APms//APss ratios with increasing

' ’ FA is apparent.

Other trends appear to be screen and velocity dependent. Higher
AP /%Pss values are indicated at higher flow velocities although

the data presented are not sufficient to he conclusive. A differ-
: ; ent data trend is indicated for a 325x2300 mesh screen, compared to
: ) data for the other screens tested. The APmS//APSS continually de-

creases with increasing FA regardless of flow rate for this speci-

men. However, 200x1400 and 250x1370 mesh s.reens consistently show
lower values of APmS /%PSS at FA = 0.39 than at FA = 0.51. Data

correlation will, therefore, involve the parameters, FA, velocity,

' V, some screen properties, and possibly other variables.

R T

d. Conelusions - Several conclusions important to the design of
screen retention devices may be drawn from these tests. Flow
through wetted fine mesh screens may cause pressure differentials

as high as 1.25 times the bubble point of the screen. Flow through
wet screen/perforated plate combinations exhibits consistently lower
pressure losses than for wet screen alone (1.17 x BP). This added
pressure differential should be considered in communication screen

design.

Flow losses through dry screens may be conservatively predicted from
Armour and Cannon's analysis. This is substantiated by Martin
Marietta and MDAC test results. Also, from a conservative staad-
point, pressure losses across multiple dry screens are essentially

additive.

Results of flow through dry screen/perforated plate combinations

show pressure differentials as high as 1.6 times that of the screen
alone. Although a definite trend to lower pressure differentials is
indicated for increasing plate open area, FA‘ data are insufficient

for good correlation. The inconsistency with wetted screen/perfo-
rated plate data has been previously noted and is not considered

gignificant.
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Legend:
o 325x2800
: o 250x1370
f 1.4F o 200x1400
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; Fig. II-39 Effects of Perforated Flate on Dry Screen Pressure Loss
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The cryogenic venting test was successful with pressurization rates
as high as 0.19 N/cm“ (0.17 psid) per second. Venting was achieved
- manually, and test results indicate that successful venting could

be achieved with higher pressurization rates and narrower vent bands.

Methanol bubble points agreed favorably with previous data for the
screens tested. Liquid nitrogen and much of the liquid oxygen bub-
ble point data also agreed well with established bands.

Screen hysteresis is evident from reseal bubble point data. Com-

; plete rewetting of screens will not take place until differential
pressure across the screen has been reduced to at least 577 of
screen bubble point. For screen/perforated plate combinations,
something less than this value is required to assure adequate pres-
sure retention capabilities upon repressurization of the system.
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4. Wicking Tests

a. Yest Jbjeotlo.o s - The importance of wicking to designing a
capillary cryogenic acquisition/expulsion device was discu-ced

in Volume Il of this final report. The discussion alsc aescrio-d
the analytical model developed for predicting steady-=tate wick-
ing through screens and screen/plate combinations. J.u. tc as-
sumptions inherent in the analysis, the model approximated tae
distributed heat load problem, which is of primary concern in the
i design of surface tension devices. The validity of the analvti-
cal solution was supported by correlation with a computer model,
i ; which more accurately described the physical system.

The purpose of wicking tests was to verify the analytical model
and obtain experimental data for configurations not previously
investigated. Determination of the wicking constant, K, and com-
parison with other wcrk done were also of primary concern. Al-
though cryogenic fluids were initially of interest, it was anti-
cipated that excessive heat loads would result in meaningless
data. Therefore, the fluids, methanol and pentane, were selected
to meet the test objectives. Special emphasis was placed on
wicking in a screen/plate configuration, which is generally re-
quired by the present capillary designs. The screens tested
were the finer Dutch twill meshes. for which previous testing
failed to supply data.

e e

R . A Sy

b. Test Apparatus and Procedure - The screen/plate wicking test
equipment is shown in Fig. IT-40, The test section, shown sche-
matically in Fig. il-41, consisted of a stainless steel fine mesh
; screen attached to a half cylinder that was formed by splitting
a 4.13x0.64-cm (1 5/8xl/4-in.) wall aluminum tube lengthwise.
Instrumentation was mounted on the underside of the plate to-
gether with three strip heaters. The scale for measuring wick-
; ing distance is shown mounted along the test section. The fluid
‘ reservoir was filled to a level that just covered the top of the
screen. The screen/plate test section was enclosed in a plexi-
glass cylinder with vacuum-jacket~J plumbing designed for cryo-
genic use.

Figure II-41 shows the 26.7-cm (10.5-in.) test section and the
three strip heaters used for varying the wicking distance. The
instrumentation locations used for temperature measurement along
the wicking interface are also shown.
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(a) Test Section
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(b) Experimental Apparatus

Fig. II-40 Wicking Test Equipment, Screen/Plate Wicks
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wo ultrasonically cleaned screen specimens were used during
screen/plate testing: 325x2300 and 250x1370 mesh stainless steel
Dutch twilled screen. A semicircular cross section was chosen

to provide a viiform gap thickness between the screen and plate.
The screen was attached by spotwelds at the inside edge of the
plate, which created an unvanted reservoir of liquid along the
length of the screen. The effect was to increase the wicking
potential of the systems, resulting in an approximately parabolic
interface profile. To minimize the induced error, the wicking,
length was measured at the top of the semicircular test section.

The test equipment was modified to test screen wicks as shovn in
Fig. II-42. Basic modificatiocns involved only the test section,
which consisted of a single screen with instrumentation mounted as
shown in Fig., II-43. The screen wicks tested were 2.54x10.16 cm
(1x4 in.) rectangular. sections of 325¥2300 and 200x1400 Dutch
twill screen. Each specimen was ultrasonically cleaned and at-
tached as shown in Fig. I11-42(a). Since the screen te:t section
was an extension of the reservoir screen, support was necessary
only at the far end, as shown. This arrangement assured that
wicking was due entirely to the screen test section because ad-
ditional wicking due to attachment was precluded.

Instrumentation included heaters and temperature sensors for each
test section. An additional thermocouple recorded the liquid
reservoir temperature. Other equipment included a DC power sup-
ply, ammeter, and voltmeter for each heater circuit from which
power, and ultimately heat load, were calculated. Two of these
units are shown in Fig. II-42 (b).

Procedure - Te-ts were run using both methancl and pentane. Be-
fore testing, the system was flooded with liquid and then drained,
leaving a small depth of liquid to ensure a relatively saturated
atmosphere. The liquid level in the reservoir was maintained

even with the top of the screen during testing to minimize hydro-
static nead effects.

Referring to Fig. II-41, screen/plate wicking data were taken by
adjusting the power to Heater 1 until the interface separating

the wet and dry sections of the wick was located in Area 1.
Heaters 2 and 3 were then regulated until the temperature gradient
along the dry portion of the screen was zero. At equilibrium,

the wicking length, power readings, and temperature measurements
were recorded. At this point all heaters were turned off to al-
low the wick to completely rewet. Data were taken in a simiiar
manner for a stable interface in each of the five areas shown in
the schematic. In Areas 2 and 3, Heater 2 was used to locate the
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wicking front and Heater 3 became th: guard heater. The in-

teriace in Areas 4 and 5 was located using Heater 5. Jio ~how
reproducibility, twe additional vune were made. providing cata
for each of the five interface locations. A similar procelure

was folluwed for screen wick rtests.

. Feow e - Useful test data could not be obtained with methanol
because of the corrosive nature of the fluid. sSevere corruvsion
of the aluminum plate caused pitting and clogzing on the wicking
surfaces and resulted in erratic and unpredictable results. Con-
sequently, only pentane results are preseated.

Data analysis involvad determining the heat per unit of time, q,
input to the liquid from the heater power readings. This con-
putation assured that the contribution of the guard heaters was
negiigible. However, corrections for heat losses due t¢ convec-
tion, radiation, and liquid subcoolinz were estimated with the
help of tempervrature readirgs. Conduction losses were assured to
pe minor. T!e neat flux wes determined using the surface area

of the wick tested and plotting it against the corresponding dry-
out limit, S. Test data for screen ~nd screen/plate configura-
tions are shown in Fig. I[I-44 through II-46 for the three screens
tested.

As the graphs show, data for both configurations were not obtained
for all screen specimens. Screen aad screen/plate data were ob-
tained only f - the 325x2300 mesh sample. For tue 230x1370 screen,
ouly screen/p!-te datz were taken and for 200¥1400 mesh only
scre- 1 wi~k d- .a were obtained. Experimental data from different
areas cf the test section ave deaoted by different symbols on the
graph. As d scussed previouslv, some error in heat input to the
test fluid was anticipated. Estimates indicated that the losses
would vary from 5 to 44% of the power input to the system as in-
dicate. hy instrumentation. However, most of the tests showed
losses of 107 or less. Only data from these tests were concs:dered
reliable and are presented here.

Several important points may be noted from the experimental data.
First, a significant increase in wicking distance is indicated
for screen/plate wicke as compared to screen alone. A heat flux
of 1.26 x 10° W/m" (4 x 10° Btu/hr-ft , resulted in a wicking
distance of approximately 0.228 m (0.75 f.) for both sets of
screen/plate data shown (325%x2300 and 250x1370 mesh screens).
Screen wicks exhibit considerably lower wicking ability: i.e.,
for a heac flux of 31.5 W/m? (10 Btu/hr-ft?), "he wicn.ng dis-
tance was approximately 0.0304 m (0.1 ft) for 325x2300 and 200x
1400 me-h screens. As will be seen later, this results in more
thar an order of magnitude increaue in wicking Jistance for a
screen on a plate as compared to a screen wickh at the same inci-
sent heat flux.
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Second, an increase in wicking potential is indicated for the
coarse 200x1400 mesh screen over that recurded for the 32522200
mesh specimen. This increase is consistent with the effect noted
for screen/plate wicks because the larger pores and carillaries
for coarse mesh screen are somewhat analogous to the channel

formed in the screen/plate configuration.

Third, it is interesting to note that for the same heat flux,
both sets of screen and plate wicking data (two screens) indi-
cate approximately the same wicking distance. This implies that
the screen contributed little to the total wicking potential in
this configuration. Correlating the experimental data with the
analytical expression develoned for dryout length, S, produced
an average value of the wicking constant, K. The wicking equa-
tion, as defined in Volume II, is

/ogc he oK (a +b)
QQ [11-3]

where S = the dryout limit of the wick, m (ft).

+ b2/6
K = Qw__g_rb__/_. [11-4)

= porosity of the screen,

R
I

a = thickness of the screen, m (ft),
b = thickness of the gap between the screen and plate, m (ft),
Q = heat flux, W/m? (Btu/hr~ft2),

h, = heat of vaporization, J/kg (Btu/lbm),

y = viscosity, kg/m-sec (lbm/ft-sec),
o = gurface tension,

o = density, kg/m3 (1bm/ft3),

A 2
¢ =R

“bp W
1I-74




PRPPEEN

ATV v s R L g g r—"

ma

PN

The resulting K values are shown in Table [1-5. Data from Ref
1I-6 and II-7 are also shown. Good agreement is noted between
Mar.in Marietta test results and Ref I1-6 for a 200x1400 Dutch
twill screen (K values of 1.8 x 10‘7, compared to 1.2 x 10~7y.
Although no other direct correlations are possible, similar trends
are indicated for Martin Marietta data and other work done. In-
creases in the wicking constant and, therefore, the wicking capa-
bility, are indicated for configurations that form geometric chan-

-nels through which additional wicking may occur. For the screen/

plate and layered screen data (shown in Table [i-5), increases in
K of almost two orders of magnitude are noted over the wicking in
screens.

Table II-5 Comparison of Wicking Constanic

Screen Configuration Constant K, m (ft)

Martin Marietta Test Results

325x23200 Mesh Screen on a Hori- 2.56 x 10~ (8.4 x 10-9)

zontal Plate

250 x 1370 Mesh Screen on a 1.00 x 107> (3.3 x 10~-5)

Horizontal Plate

200x1400 Horizontal Screen 5.48 x 10-8 (1.8 x 10”7)

325x2300 Horizontal Screen 4.57 x 108 (1.5 x 10-7)
Other Work

200x1400 Horizontal Screen 3.65 x 10-% (1.2 x 1c-7)

(Note 1)

Four Wraps of a 150 Mesh Screen 2.62 x 1075 (8.6 x 10°%)
on a Vertical Tube (Note 2)

Four Wraps of a 325 Mesh Screen 7.62 x 107 (2.5 x 10~%)
on a Vertical Tube (Note 2)

Three Wraps of a 325 Mesh Screen 3.65 x 10°7 (1.2 x 10'6)
on a Vergical Tube (Note 2)

Note: 1) “See Ref II-6.
2) See Ref 1I-7.
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The K values previously presented (See Vol Il, Chapter IT1.) were
used in Eq [II-3], to generate the analytical curves shown in
Fig. I1-44 and I[1-45., Dryout limit is shown as a function of
heat flux for various gap thicknesses, b, for 325x2300 and 250x
1370 screens. A range of gap thicknesses from b = 0.0a (screen
only) up to 2.5a (a = screen thickness) are shown. It should be
noted that curves for 325x2300 screen are based on the experi-
mental wicking constant for a horizontal screen. Since corre
sponding data were not available from 250x1370 tests, the value
of K (K = C¢ for screen) was calculated from data presented in
Reference 1I-7.

Several interesting points are shown by Fig. 11-44 and 11-45.
Large increases in wicking distance are predicted for screen/
plate wicks as compared to screen wicks. An increase of about
two orders of magnitude is shown in Fig. I1-44 for the maximum
gap thickness that agrees favorably with experimental data. Also,
increased wicking potential is shown for the coarse 250x1370 mesh
screen and is consistent with trends indicated by experimental
results. Note the correlation for 325x2300 screen between theo-
retical and experimental results. Test results for screen alone
clearly fall along the analytical curve for b = 0.

The relative magnitude of gap thickness that can be expected is
shown by the cluster of screen/plate data along the analytical
curves in Fig. 11-44 and II-45. The values of b indicated are
1.0a and 2.5a for 250x1370 and 325x2300 screen, respectively.
Considering values or screen thickness, a, these numbers corre-
spond to absolute gaps uf 130 microns and 215 microns, respec-
tively.

The etfect of gap thickness, b, on wicking is evident from Eq
[TI-4]. The wicking constant K is a function of two terms: one
depending on screen properties and :“e other on the gap thickness
squared. As b increases, the b? term becomes predominant and
wicking becomes essentially independent of the screen wicking
constant, C. Consequently, the curves presented for 250x1370
screen should be unaffected by tr= screen wicking constant, C,

in the range of b values indicate . by the experimental data.

d. Comclusione - Several conclusions important to the design

of capillary propellant acquisition/expulsion systems are evident
from results of these wicking tests. Wicking, a relatively slow

phenomera in fine mesh screen, may he increased an order of mag-

nitude or more by backing the screen with a material that forms

I11-76

P e

T Wt errvined

-

IO R T L Ee

g e mate oy at



additional wicking channels. In this configuration wicking becomes
independent of screen mesh and depends on the gap thickness be-
tween the screen and backing material. Based on these test data,
gap thickness, b, can be expected to vary from 130 to 215 microns
with significant increases in wicking.

: Based on data for 200x1400 and 325x2300 Dutch twill screen, coarse
0 mesh screen shows better wicking properties, compared to those for
the finer meshes. This is in agreement with Reference II-6.

Based on experimental data correlation, the analytical model ap-
pears to be representative of the distributed heat lcad wicking
problem important in screen retention devices. Predi. .ing dry-
out limits for screen and screen/plate wicking configurations
for the liquids and heat loads of interest may be achieved with
reasonable accuracy.
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Screen Pressure Drop Tests

a. Test Objectives ~ The pressure drop associated with the flow
of a fluid through fine mesh screens is of primary concern in *he
design of a surface tension device. Capillary acquisition/expul-
sion systems based on the DSL concept resupply the liquid anaulus
(or channels) during expulsion by flow of liquid from the bulk
region through fine mesh screen into the liquid annulus. At low
ullage volumes, the liquie screen contact area and, consequently,
the area of flow, is large and pressure drop is small. However,
as tank depletion is approacred, the area of flow becomes small
and the corresponding pressure drop due to the flow of propellant
through the rcreen is no longer negligible. Flow through multiple
screens as «ell as different screen meshes is, therefore, of

ir “erest.

As originally outlined, these tests were to include gas as well
as liquid as the test fluid. However, since data on gas flow
(GN;) was obtained duri.g the communication/venting tost series
only liquid tests were conducted during this phase. The purpose
of the test was to experimentally determine the pressure loss
asscciated with the flow of water through fine mesh Dutch twill
screen. Triple and double screen layers as well as single screens
were tested, with attention given to the effect of screen spacing
on the test results.

b. Test Apparatus and Procedurc - A schematic of the test appa-
ratus iz shown in Fig. TI-47(a). Tap water was used as the test
fluid and was filtered through a 325x2300 fine mesh screen be-
fore flcwing into the test section. The test section consisted
of one, two, and three layers of fine mesh Dutch twill screen.
The pressure differential across the test section was measured
by an inclined manometer as shown in Fig. I1-47(b) and a 0 to

6.9 N/cm? (0.to 10 psig) pressure gage was used to monitor system
pressure.

Volumetric flow rate was determined by dividing the liquid volume
collected in a graduated cylinder by the time period required to
collect the measured volume. By knowing water temperature and
test section flow area, 4.45 cm® (0.69 in.?%), the flow velocity
could be determined. A thermocouple was available for wcasuring
water temperature. The Dutch twill screens tested were 200x1400,
250x1370, and 325x2300 mesh. For double and triple-layered screen
tests, spacings of 0.16 cm (1/16 in.) and 0.48 cm (3/16 in.) were
investigated.
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V3 0.64 cm (1/8 in.) Hoke

Inclined

e Flexline
Manometer

0.64 cm V2
(1/4 in., Globe

V1 0.64 cm .
(1/4 in.) Globe 0 to 6.9 N/cm
(0 to 10 psig)

Fld EE:] r iml
1]
L1
To Water Filter

T
® (325x2300 Mesh)
(a) Test Section Catch
Tank
Graduate
— Hoke Needle Valve
Flexlines
Heavy, Small-Bore
Class Tubes
50.8 cm
(20 in.) 0.25 cm (0.1 in.) Craduations

Horizontal

0 to 6.9 N/cm?

(0 to 10 psig) Can Be Flexlines

R

W .
} 0

Test Section

(b) Inclined Manometer Details

Fig., II-47 Test Setup Schemutic for Liquid AP Tests
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The basic test procedure involved opening valve V2 cne turn and
then adjusting systea pressure to approximately 0.69 N/cm? (1 psi)
using V1. [See Fig. 1I-47(a).] The liquid level was positioned
in the manometer using V3, and the flowrate adjusted to give a

AP of about 1.27 ca (0.5 in.) H»0. The flowrate was then deter-
mined by moving the flexible dischar e line from the catch tank
to the graduated cylinder and recording the time and correspond-
ing volume. System pressure, AP, and water temperature was alsc
noted. This procedure was followed for increasing pressure dif-
ferential until the manometer limitation was reached.

e. Results - Figures 11-48 through II-50 show the test results
for the three different screen meshes tested. Pressure differ-
ential is plotted as a function of fluid velocity for water at
297°K (75°F). Results for omne, two, and three layers of screen
with different spacings are shown for each screen. Data for

two layers of 200x1400 mesh screen, with a spacing of 0.48 cm
(3/16 in.) was erroneous and is not shown. Pressure differen-
tials from 5.33 cm (2.1 in.) Hy0 to 44.5 cm (17.5 in.) H,0 for

a velocity range of 0.28 cm/sec (0.11 in./sec) to 3.48 cm/sec
(1.4 in./sec) are presented. Note the straight line correlation
as predicted from previous theoretical and experimental work
(Ref II-5). Also, flow losses increase with the number of screen
layers as expected.

Further data analysis shows gocd correlation with the results
presented in Subsection 3. Figure II-51 shows this comparison
in a plot gimilar to Fig. II-38. The solid symbols represent
GN, pressure drop data and the open symbols represent single
screen data using water as the test fluid. Good agreement be-
tween GN; and water data is shown. Once zgain, Martin Marietta
results are bounded by Armour and Cannon (f = §§%l-+ 0.52) and
MDAC experimental data. A consistently lower trend is suggested
by both GN, and water data compared to the Armour and Cannon
correlation. This agrees favorably with the experimental data
for Dutch twill screen (Ref II-5).

Figure II-52 shows the increase in pressure loss associated with
flow chrough multiple screen layers. Again the ratio APmS/APSS

is plotted as a function of the number of screens for velocity
of 1.27 cm/sec (0.5 in./sec). Results indicate that larger
APms,/APss ratios are obtained for fine mesh screens. This is

congistent with GN, data. However, a somewhat higher trend is
indicated for water data, so that assuming the pressure drop
across multiple screeas is additive is no longer conservative
for 325x2300 and 250%1370 mesh screens.
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A trend that mayv explain this inconsistency is suggested from
closer examination of the data. Noting that the solid and open
symbols represent the large and small screen spacings, respec-
tively, pressure drop consistently increased with increased screen
spacings for each of the three screens tested. Extrapolation of
this trend indicates lower ratios of APms//APSS for a zero spac-

ing multiple screen configuration. This was the geometry of the
GN,; test specimens. However, the reason for this increase in
pressure drop with increased spacing thickness is not apparent.

d. Cornelusions - Single screen test results agree favorably with
the gaseous nitrogen data run during the communication screen/
venting test. Once again, good correlation is noted based on
Armour and Cannon's analysis, although their empirical correlation
8.61 . .
(f = “RE + 0.52) appears conservative. For the test fluids and
experimental conditions investigated, an approximate 407 reduc-
tion in the pressure loss was noted for the experimental data,

compared to the correlation in Ref II-5.

From the previous GN; tests, the results indicated that the meas-
ured values of APmS//APSS were on or below the predicted condi-

tion (AP //AP = number of screens). Figure II-52 shows that
ms ss
for the water tests, values of Apms//APss were higher than pre-

dicted for two of the three screens tested. Also the deviation
above the predicted condition increased with the number of screens,
screen spacing, and screen mesh. The reason for this deviation

is not readily apparent and further evaluation would require
additional data for dif{ferent screen spacings and numbers of

screen layers.
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Screen Structural Characteristics Tests

a. Test Objectives - The DSL designs presently proposed under
the cryogenic phase of NASA Contract NAS9-12182 use perforated
plate to give structural support to the fine mesh screen. The
use of perforated plate was based on the assumptions that the
screen could not support the pressure load environment without
structural failure (i.e., excessive plastic deformation or screen
rapture). However, there was no experimental data available
that defined the scructural capability of fine mesh screens. '
Since the use of »erforated plate causes a considerable weight
penalty, tests of the structural capability of fine mesh screens
were needed to determine the necessity for added structural sup-
port.

The purpose of these tests was to provide experimental data on
the structural capability of fine mesh screens. Test data were
also used to verify the mathematical model developed during this
task. The tests and the mathematical model were to characterize
the specific loading case of uniform pressure acting on a circu-
lar flat screen segment.

b. Apparatus and Procedure

1) Apparctus - Experimental data were obtained by uniform pres-
sure loadiang of flat circular sections of the various screens
tested. Basically, three types of tests were run: (1) static
loading tests, (2) cyclic loading tests, and (3) rupture (ulti-
mate loading) tests. The test apparatus was basically the same
for all tests conducted.

The experimental apparatus is shown in Fig. II-53 and II-54.
Sections of the various fine mesh screens were positioned between
two 20.24-cm (8-in.) diameter rings, which were in turn clamped
together by 12 clamping bolts (the smaller bolts in Fig. TI-53
and II-54). Pressure was supplied through a regulating valve
from below into the base of the apparatus to deliver a uniform
load to the bottom surface of the screen. A thin sheet of plas-
tic was used to cover the bottom surface of the screen sample to
prevent the pressurant from flowing through the screen and to
provide a seal between the screen and lower ring. Pressure was
monitored with a highly accurate pressure gage, while screen de-
flection (the amount the screen surface moves perpendicularly
above its unloaded position) was measured with a dial indicator.
Both air and nitrogen were used as pressurants. The mounting sup-
port for the dial indicator was designed to allow the dial indi-
cator to measure deflection both in the radial and angular direc-
tions.
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Fig. II-53 Screen Deflection Apparatus, Assembled

Fig. II<54 Screen Deflection Apparatus, Disassembled
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Some changes in the experimental system were required for the
cyclic loading test. Pressure sensing was accomplished by a
pressure switch, which, in turn, commanded two solenoid-operated
valves. One valve controlled the supply of pressurant while the
other controiled the venting of the base or reservoir of the
apparatus. When the supply valve was open, the vent valve was
closed and vice versa. A timer was connected into the circuit
to allow adequate venting time, whiie the regulating valve pro-
vided the proper pressurization rate. The approximate length

of one cycle (pressurize, vent, start of repressurization) was
14 to 20 sec.

I R e R ag D T SR
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Two different screen clamping techniques were used as shown in

. Fig. II-55. Technique (a), used in initial testing, employed

: ' flat rings that were capable of exerting forces only in the

vertical direction. This provided no means of eliminating the

initial sag and waviness in the screen specimens, which resulted

in inconsistent data. This problem was eliminated by using the

beveled rings shown in Technique (b). With this configuration,

the sample was drawn to the sides during clamping which elimi-

nated the initial sag and prevented inconsistent zero readings )
; and nonrepeatable data. The preloading associated with this .
clamping technique had little effect on the test results. ,

- gl e te

The majority of the screen specimens were the same size as the

clamping rings, 20.3 cm (8 in.) in diameter. However, some test-

ing was done with 15.2-cm (6-in.) diameter screens to establish

the dependency of deflection on screen radius. This was accomp-

lished by inserting two machined aluminum rings, 15.2 cm (6 in.)

ingide diameter, between the clamping rings of the test apparatus.

The test specimen was inserted between these rings and clamped .
into positicen.

4 h . I ot e e

All the screens tested were fine mesh Dutch twill screens in the
as-received condition. Three different stainless steel screen
meshes were tested: 325x2300, 250x1370, and 200x1400. Aluminum
screen of 200x1400 mesh was also tested.

2) Procedure - Three types of tests were run to obtain sufficient
data for empirical and analytical correlation and to determine any
degradation in screen performance caused by the test loads. These
included static deflection, cyclic loading, and rupture tests.

For static deflection testing, the screen test specimen and plastic
sealant were mounted in the test apparatus and secured by tighten-
ing the 12 clamping bolts with sufficient force to prevent screen
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slippage. The dial indicator was zeroed and the pressurant intro-
duced using a microvalve. Pressure increments of 0.069 N/cm?

(0.1 psi) were used as indicated by the Heise gape, with maximum
pressure depending on screen and test. During the initial test
sequence, pressures as high as 3.14 N/em’ (4.5 psig) were used

for 325x2300 screen. After the ultimate load of the screens had
been more clearly defined, deflection measurements were made at
pressures as high as 11.2 N/cm? (16 psig). Deflections were meas-
ured at the center of the specimen and at distances of 2.54 cm

(1 in.), 5.00 cm (2 in.) and 7.62 cm (3 in.) from the specimen
center in both the warp and shute wire directions. '

Cyclic loading tests subjected a sample of 325x2300 stainless
steel screen to a pressure of 0.757 N/em? (1.1 psi) for 101,987
times. Deflection at the center of the screen was measured
periodically (approximately every 5000 cycles) to monitor any
degradation in structural capability. The bubble point of the
screen sample was measured before and after cycling to determine
any effects on pressure retention capability. This was also done
for several of the screen deflection test specimens.

Rupture tests were conducted to determine the screen's deflection
transition point, see Paragraph c.l. Samples of 325x2300, 250x
1370, and 200x1400 stainless steel and 200x1400 aluminum Dutch-
twill screens were tested. Each sample was individually installed
in the testing apparatus and pressurized until either screen rup-
ture occurred or until the screen's plastic deformation was severe
enough to terminate the test. A light ruler was fixed to the

top at the center of the screen samples in place of the dial in-
dicator and was used to measure WO (screen deflection at the

center) because the indicator could possibly be damaged during
s~reen rupture.

The test data helped to define screen behavior and were used to
obtain empirical correlations of screen deflection dependency on
AP and radial distance. These correlations were used to refine
the analytical model into workable equations capable of predicting
deflections that agreed with test results for circular uniformly
loaded screen sections. .
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¢. Hesults

1) Statie Dej'lection Tests - 1lnitial static deflection test re-
sults are shown in Fig. [1-5¢ and 11-57. Screen deflection is
shown as a function of pressure differential and screen radius,
r, for three different screen samples. As can be seen from Fig.
11-56, deflection at the center cf the screen follows a one-third
power dependency on pressure differential up to a transition point
where the slope of the curve changes (i.e., for the same incre-
ments in pressure the increment in deflection is larger, instead
of smaller . than the previous increment in deflection). This
transition point seemed to correspond to a point where a perma-
nent set in the screen became noticeable. However, clanping
techniques used in this sequence of tests made measurement of a
permanent set very difficult due to the initial sag present in
the sample.

X
Empirical correlation fcr the three screens tested resulted in the
following equation for maximum screen deflection:

W= K ppt/3 [11-5]
where

wo = gcreen deflection at center of screen,

AP-= pressure differential across screen, resulting in a hoop

gstress, .
K = gcreen constant

Considering the number of wires and their diameter in the warp
and shute directions, for Dutch twill weave the shute wire di-
rection shculd have greater strength. However, test data for

the three different screen samples showed little difference in
deflection for the two directions, indicating that the screen
behaves as an isotropic medium. Consequently, an average of the
data in both directions was used to obtain the plot in Fig. II-57.
The ratio of screen deflection at various radial positions to
deflection at zero radial distance (ceuter of screen, i.e., maxi-
mum deflection) is shown as a function of the ratio of radial
distance to the radius of the screen sample {10.16 cm (4 in.)].
This nondimensional plot was useful in developing mathematical
models for the screen. Based on this graph the dependency of
deflection on radial distance can be approximated by the curve.
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